Although TiNb 2 O 7 is regarded as a material with high application potential in lithium-ion batteries (LIBs) and solid-oxide fuel cells (SOFCs), it has been difficult to find suitable cost-effective conditions for synthesizing it on a commercial scale. In this study, TiNb 2 O 7 compounds were synthesized by a solid state synthesis process. For stoichiometrically precise synthesis of the TiNb 2 O 7 phase, the starting materials, TiO 2 and Nb 2 O 5 were taken in a 1:1 molar ratio. Activation energy and reaction kinetics of the system were investigated at various synthesis temperatures (800,1000,1200, and 1400°C) and for various holding durations (1,5,10, and 20 h). Furthermore, change in the product morphology and particle size distribution were also evaluated as a function of synthesis temperature and duration. Additionally, quantitative phase analysis was conducted using the Rietveld refinement method. It was found that increases in the synthesis temperature and holding time lead to increase in the mean particle size from 1 to 4.5 μm. The reaction rate constant for the synthesis reaction was also calculated.
Introduction
TiNb 2 O 7 (TiO 2 ·Nb 2 O 5 ) is regarded as one of the most promising alternative materials available for use in lithium ion batteries (LIBs) [1, 2] , solid oxide fuel cells (SOFCs) [3] , electrochromic devices [4] , and ceramic-based solid state humidity sensors [5] . TiNb 2 O 7 can be synthesized by a variety of processes such as solid state synthesis [6] , laser-induced pyrolysis [7] , hydrothermal crystallization [8] , and evaporation-induced self-assembly (EISA) [1] .
In the large-scale production of SOFC or LIB energy storage devices, cost-effective and easy-to-handle methods for the fabrication of various components are required. From this point of view, solid state synthesis appears to be the most suitable method for producing large amounts of TiNb 2 O 7 . Jat et al. [6] have recently estimated the thermodynamic properties of Ti-Nb-O systems and synthesized TiNb 2 O 7 by heat-treatment at 1000°C for 48 h in their studies. Reich et al [3] . have also studied TiNb 2 O 7 as an anode material for SOFCs. In their study, TiNb 2 O 7 was prepared by a standard solid state reaction at 1250°C for 48 h in air.
In the pseudo-binary TiO 2 -Nb 2 O 5 system ( Fig. 1 [12] .
As shown in In the present study, TiNb 2 O 7 was synthesized by a solid state reaction with a stoichiometric TiO 2 /Nb 2 O 5 molar ratio of 1:1. The phase composition of the synthesized product, fraction of TiNb 2 O 7 in the product, and morphology were investigated as a function of synthesis temperature and dwell time.
Experimental
TiO 2 (Junsei Chemical Co., Ltd, 99%) and Nb 2 O 5 (Junsei Chemical Co., Ltd, 99%) powders were used as the starting materials. For the precise synthesis of TiNb 2 O 7 , a stoichiometric molar ratio of TiO 2 and Nb 2 O 5 (1:1) was mixed thoroughly in a mortar. The mixture was then placed in an alumina crucible and heated in an electric furnace at various temperatures (800,1000,1200, and 1400°C) and for various holding durations (1, 10, 15 , and 20 h). A heating rate of 8°C/min was used for the synthesis. After heating, the samples were furnace-cooled to room temperature.
The starting materials and synthesized powders were characterized using various qualitative and quantitative techniques. The morphology of the powder particles was observed by field emission scanning electron microscopy (FE-SEM, Hitachi, SU-8010), while the phases in the materials were identified using X-ray diffraction (XRD, Bruker, D8 DISCOVER) using Cu Kα radiation (40 kV, 40 mA) with the 2θ values increased in step sizes of 0.004/0.5 s. The experimental temperature conditions were determined using differential thermal analysis (DTA, PerkinElmer, STA8000) up to 1400°C with a heating rate of 1°C /min. A particle size analyzer (PSA, Beckman Coulter LS I3 320, USA) was used to measure the size of the powder particles. For quantitative phase analysis (QPA), TOPAS (Bruker, Total Pattern Analysis Solution), a computer program based on the Rietveld refinement method was used. Using the QPA results, rate constants and activation energy (Eα) values were calculated using Arrhenius law. 
Results and discussion

Characterization of the TiO 2 and Nb 2 O 5 powders
Results from the XRD analysis of the starting materials (TiO 2 and Nb 2 O 5 ) are shown in Fig. 2 . As evident from (Fig. 2a) , the TiO 2 powder is mostly composed of the stable rutile phase along with a small amount of metastable anatase phase. On the other hand, the Nb 2 O 5 powder does not contain any impurities (Fig. 2b) . Further, from Fig. 3 , which are SEM micrographs of TiO 2 and Nb 2 O 5 , it is evident that both the powders are agglomerated and exhibit irregular particle shapes. Fig. 4 shows the DTA curve of the TiO 2 and Nb 2 O 5 powder mixture. This mixture was heated in an Ar atmosphere at a heating rate of 1°C/min up to a maximum temperature of 1400°C. An exothermic reaction was observed around 800°C, signaling the commencement of the synthesis reaction. Therefore, the synthesis temperatures were chosen in the range of 800 to 1400°C. (Fig. 5a) the predominant phase and is accompanied by small amounts of TiO 2 , TiNb 24 O 62 , and Ti 2 Nb 10 O 29 phases. A similar trend can be seen for the sample heat-treated at 1200°C, as shown in Fig. 5c . As observed in this figure, the TiNb 2 O 7 phase starts to appear as early as 1 h of processing time. However, for heat treatment at 1400°C, the TiNb 24 O 62 content increases steadily with increase in the processing time, as shown in Fig. 5d .
Overall, the XRD results show that the Nb-rich phases tend to form first, according to the following stoichiometric complex oxide formation pathway: TiNb 24 O 62 → Ti 2 Nb 10 O 29 → TiNb 2 O 7 . On the same token, some amount of rutile phase also exists in the a solid solution. The powder mixture begins to sinter with increase in processing time and temperature. In particular, at a processing temperature of 1400°C, there is considerable volume shrinkage with increase in the processing time, as shown in Fig. 6 , which may be attributed to the sintering of the powder mixture due to the partial melting of the TiNb 2 O 7 phase, whose melting point is very close to 1400°C (melting point of TiNb 2 O 7 is 1450°C) [13] . The partial melting also explains the irregular increase in the TiNb 24 O 62 content at 1400°C. The powder deviates from the stoichiometric oxide formation pathway because of the partial melting and re-solidification of the powder. by the Rietveld refinement method. Rietveld refinement is a method for fitting the entire XRD pattern and may be used to quantitatively determine crystallographic information of the specimen from the XRD results. Lattice parameters, lattice points, and space group information are required for fitting the measured XRD intensity peak profile satisfactorily.
Results of the refinement analysis show that the overall proportion of the TiNb 2 O 7 phase increases with increase in the processing time and temperature. At 800°C, there is no significant increase in the proportion of the TiNb 2 O 7 phase with processing time. However, a dramatic increase in the TiNb 2 O 7 content is observed with increase in the processing temperature. Further, at processing temperatures of 1000 and 1200°C, a similar trend is observation. The TiNb 2 O 7 content increases rapidly with increase in the processing time from 1 to 5 h, beyond which the increase is gradual. An optimum phase ratio of more than 90 atomic % is obtained for a processing time of 20 h at 1200°C. Further, samples prepared at 1400°C show irregular phase content behavior owing to the partial melting and re-solidification of the powder, as explained earlier. The morphologies of the as-synthesized Ti-Nb-O powders prepared at different synthesis times and temperatures are shown in Fig. 8 . Generally, the synthesized powders have particles with relatively rough surfaces and irregular shapes, since the fine particles are found to form agglomerates during the synthesis process. The size and shape of the powders synthesized at 800°C are found to be similar to those of the initial TiO 2 and Nb 2 O 5 powders. At 1000°C, the particles begin to sinter together owing to necking and the particle size increases significantly after 10 h of processing. The necking process and size growth become even more significant for samples synthesized at 1200°C, whereas partial melting and sintering of the powder particles are observed at 1400°C, as shown in Fig. 8d . Fig. 9 shows the particle size distribution of the Ti-Nb-O powders heat-treated at various temperatures (800-1200°C) for various reaction durations (1-20 h) . All the powders show bi-modal particle size distribution. At 800°C, increase in the processing time has negligible effect on the particle size. The distribution curve shows irregular behavior owing to the low temperature and the low rate of reactant conversion, which results in particle agglomeration. On the other hand, at higher processing temperatures (1000 and 1200°C), the particle size gradually increases with increase in the processing time and the powder sample synthesized at 1200°C for 20 h shows a range of particle sizes from 1 to 10 μm. Three dimensional size distributions involving particle size metrics (d 50 , d 90 , and mean size), processing time, and temperature are also shown in Fig. 9d-f 
Kinetics analysis of TiNb 2 O 7
In order to understand the synthesis mechanism of TiNb 2 O 7 , kinetic analysis was performed. The reaction ratio (α) was defined as 0 before the reaction and 1 after completion of the reaction. The rate of each reaction was expressed as a function of the Arrhenius parameters according to the reaction model shown in (Eq. 1).
where d dt is the reaction rate, α is the reaction ratio, k(T) is a temperature dependent rate constant, t is the time, T is the temperature, and f (α) is the differential form of the reaction model [13] . In this study, the first-order reaction model f (α) = 1 -α is used to describe the synthesis of the oxides. This model is applicable to a wide range of solid-state reactions that follow the general form Reactant (s) → Product (s) + Gas (g) [14] .
The atomic percentage of the TiNb 2 O 7 phase calculated by the Rietveld refinement method is presented in terms of the reaction ratio (α). Thus, a more general form of the first-order reaction equation can be written in the form of (Eq. 2).
Therefore, by plotting -ln(1 -α) versus time (t), the rate constant (k) can be determined from the slope and intercept of the fitted straight line. Calculated values of the rate constants (k) are given in 3.64×10
In the above equation, A is a pre-exponential factor, Eα is the activation energy, and R is the universal gas constant. The activation energies (Eα) calculated for synthesis temperatures in the range of 800-1200°C are 97.62 kJ/mol at 1 and 5h, 102.78 kJ/ mol at10 h and 106.82 kJ/mol at 20 h, as shown in Fig. 10 . This implies that at longer synthesis durations, more reactants are consumed, leading to a decrease in the reaction rate and consequently, an increase in the activation energy. In Table 3 , the activation energies (Eα) and pre-exponential factor (A) values are shown as a function of synthesis duration. 
Conclusions
The possibility of synthesizing single-phase TiNb 2 O 7 by solid-state reaction was examined in this study. A mixture of TiO 2 and Nb 2 O 5 in a 1:1 molar ratio was heat-treated at various processing temperatures (800, 1000, 1200 and 1400°C) for various durations of time (1,5,10 and 20 h). It was found that Nbrich phases tend to be formed first, following the stoichiometric complex oxide formation pathway TiNb 24 O 62 → Ti 2 Nb 10 O 29 → TiNb 2 O 7 . The optimum processing time and temperature for TiNb 2 O 7 synthesis were found to be 20 h and 1200°C, respectively, and under these conditions, the maximum TiNb 2 O 7 phase content of over 90 atomic % was obtained with an average particle size of about 4.3 μm. Complete conversion of raw materials into TiNb 2 O 7 was not possible because some amount of rutile phase always existed as a solid solution with TiNb 2 O 7 . Overall, the proportion of the TiNb 2 O 7 phase increased with increase in the processing time and temperature. Beyond a processing temperature of 1400°C, partial melting and re-solidification of the mixture occurred resulting in the formation of a hard bulk compact instead of a powder. The rate constant and activation energy were calculated from the QPA data. The activation energies (Eα) calculated for synthesis temperatures in the range of 800-1200°C were 97.62 kJ/mol for 1h and 5h, 102.78 kJ/mol at10h and 106.82 kJ/mol at 20 h.
